Experimental allergic encephalomyelitis (EAE), an autoimmune model of multiple sclerosis, is a complex disease influenced by genetic, intrinsic, and environmental factors. In this study, we questioned whether parent-of-origin effects influence EAE, using reciprocal F 2 intercross progeny generated between EAE-susceptible SJL͞J (S) and EAE-resistant B10.S͞SgMcdJ (B) mice. EAE susceptibility and severity were found to be different in female BS ؋ BS intercross mice as compared with females from the three other birth crosses (BS ؋ SB, SB ؋ SB, and SB ؋ BS), and in fact, both traits in female mice resembled those of their male siblings. This masculinization is associated with transmission of the SJL͞J Y chromosome and an increased male-to-female sex ratio. Related studies using progeny of C57BL͞6J Y-chromosome substitution strains demonstrate that the Y chromosome again influences EAE in both male and female mice, and that the disease course in females resembles that of their male littermates. Importantly, these data provide experimental evidence supporting the existence of a Y-chromosome polymorphism capable of modifying autoimmune disease susceptibility in both males and females.
M
ultiple sclerosis (MS) is the major inflammatory demyelinating disease of the central nervous system (CNS) (1) . The etiology of MS is unknown but is believed to have an immunopathologic basis arising in genetically predisposed individuals as a consequence of environmental insults (2) . Evidence for the role of sociocultural, biological, environmental, physical, and parent-oforigin (POO) effects comes from epidemiological studies (3, 4) . A recent study of half-siblings detected a significant maternal POO effect (2.35% for shared mother and 1.31% for shared father) in MS (5) . The risk for siblings who share only a mother was similar to the risk in full siblings (2.34% vs. 3.11%, P ϭ 0.1), suggesting that the maternal POO effect could be the major component underlying familial aggregation (6) . Moreover, findings from twin and halfsibling studies indicate that the gestational and͞or neonatal environments influence the risk of MS later in life and that these effects are maternally related (7) .
Experimental allergic encephalomyelitis (EAE) is an autoimmune (AI) model of MS induced by immunization with encephalitogenic antigens and adjuvants. Autoreactive T cells infiltrate the CNS and subsequently recruit additional lymphocytes and mononuclear cells, resulting in inflammation and demyelination (8) . Susceptibility to EAE in mice is genetically controlled, with different inbred strains exhibiting various degrees of pathology and clinical disease (9) . A spectrum of genetically controlled pathologies (10) and clinical (11) disease subtypes recapitulating those observed in MS (1, 12) , including benign disease (CNS lesions in the absence of overt clinical signs), are seen in segregating populations. To date, Ͼ30 disease susceptibility and modifying loci have been mapped in mice.
ʈ However, EAE, like MS, is also subject to intrinsic and extrinsic environmental factors (13) (14) (15) (16) (17) . The present study was therefore undertaken to determine whether the POO effect detected in MS could be documented and investigated in EAE.
Reciprocal F 1 hybrid and F 2 intercross mice between EAEsusceptible SJL͞J (SJL or S) and -resistant B10.S͞SgMcdJ (B10.S or B) mice were studied for EAE as described in refs. 10, 11, 18, and 19 . Among male and female F 2 intercross mice a significant difference in disease susceptibility was observed only in females arising from matings in which the sires and grandsires possessed the SJL Y chromosome (BS ϫ BS), indicating that the Y chromosome may indirectly influence EAE in females. We therefore studied progeny of Y-chromosome-substitution strains, and we found that the Y chromosome significantly affects the clinical disease course of both male and female mice.
Results
EAE susceptibility was assessed in 71 F 1 hybrid and 1,152 F 2 intercross mice elicited by immunization with mouse spinal cord homogenate plus complete Freund's adjuvant (CFA). Birth cross and sex of the F 2 mice were distributed in approximately equal numbers (see Table 5 , which is published as supporting information on the PNAS web site). No significant difference was detected in susceptibility to either clinical signs or EAE pathology among the male and female BS and SB F 1 hybrid parents of these F 2 progeny (see Table 6 , which is published as supporting information on the PNAS web site).
The result of a simple logistic regression analysis of the F 2 progeny revealed that birth cross was not related to clinical disease (see Table 7 , which is published as supporting information on the PNAS web site). A multiple logistic regression examining the effect of birth cross, stratified by sex, and controlling for age and season (17) also did not detect an association between birth cross and clinical EAE. Statistical analyses of POO effects on EAE pathology indicated that females overall were more likely to show CNS lesions (odds ratio ϭ 2.04; P Ͻ 0.01) when the dataset was corrected for age and season. Brain and spinal cord (SC) lesions were considered together (CNS lesions); although both showed the same significant trends separately. In addition, birth cross was significantly related to EAE pathology, with BS ϫ SB, SB ϫ SB, and SB ϫ BS progeny more likely to exhibit lesions than BS ϫ BS mice (Table 1) . Birth cross was then shown to be significantly associated with CNS lesions in females but not in males. BS ϫ SB, SB ϫ SB, and SB ϫ BS females were on average more than twice as likely to show CNS lesions (odds ratio ϭ 2.58, 2.58, and 2.12, respectively) than BS ϫ BS females.
The finding that BS ϫ BS females are less likely to develop EAE pathology but nearly as likely to develop clinical signs may be due to differences in central function sensitivity to demyelinating lesions. An analysis of lesions (10) , and a comparison of the pathology indices (PIs) for the SC, brain, and overall CNS, support this interpretation ( Table 2 ). The SC, brain, and CNS PIs for BS ϫ BS females are significantly less than those of the other three birth crosses, whereas no significant differences in the PI were detected among the males from the four birth crosses. Furthermore, the PI of the female BS ϫ BS mice is not significantly different from the PI of the males. These results suggest that EAE in BS ϫ BS females is organizationally masculinized and therefore functionally more sensitive to the consequences of AI demyelinating insults. This masculinization may be at the level of the immune system, CNS, or both.
The difference in susceptibility to CNS inf lammation was only observed in females arising from matings in which the sires and grand-sires possessed the SJL Y chromosome (BS ϫ BS). In theory the only Y-chromosome dependent mechanisms that can inf luence EAE in females are those originating in males during the prenatal and͞or postnatal periods before weaning. To test this possibility directly, progeny of B6 females ϫ consomic male mice bearing different Y chromosomes [C57BL͞6J (B6), B6.A-ChrY͞NaJ (B6.Y A ) and B6.SB-Yaa͞J (B6.Yaa) mice] were studied for susceptibility to myelin oligodendrocyte glycoprotein peptide-(35-55) (MOG )-induced EAE (Fig. 1) . The clinical disease course in B6 (Fig.  1 A) and B6.Yaa (Fig. 1C ) progeny increased as a cubic function of time (P ϭ 0.02 and Ͻ0.01, respectively), whereas in B6.Y A (Fig. 1B) progeny it was consistent with a quadratic function (P Ͻ 0.01). In all three strains, the clinical disease courses of male and female mice were not significantly different from one another and no significant sexual dimorphism in disease severity was detected.
Nevertheless, there was a clear influence of the Y chromosome on EAE in mice of both sexes. In male offspring ( Fig. 2A) , there were significant differences among the consomic lines (group differences, P Ͻ 0.01), and across time (P Ͻ 0.01). The interaction term was also significant (P Ͻ 0.01), indicating that the clinical disease courses in the progeny of the three strains differed significantly. In female offspring (Fig. 2B) , the main effect of group was also statistically significant (P Ͻ 0.01), as were the clinical scores across time (P Ͻ 0.01), and the interaction term (P Ͻ 0.01). Last, because a significant sexual dimorphism was not detected for either disease course or severity of clinical signs in the offspring of the three strains, the data were pooled and reanalyzed (Fig. 3) . A significant time effect (P Ͻ 0.01), group effect (P Յ 0.01), and interaction term (P Յ 0.01) were obtained, indicating that the clinical disease courses differed significantly among the three Y-chromosomesubstitution strains.
Given the dramatic nature of the differences observed, we repeated the study with a double-inoculation protocol (18, 19) . Again, significant differences between male and female progeny within each of the Y-chromosome-substitution strains were not detected (see Fig. 7 , which is published as supporting information on the PNAS web site), whereas among both male and female offspring (see Fig. 8 , which is published as supporting information on the PNAS web site) the main effect of group was significant (( and &; P Ͻ 0.01), as were the differences in clinical 
PIs for SC, brain, and total CNS were determined as described in ref. 10 . * , scores across time (( and &; P Ͻ 0.01), and the interaction terms (( and &; P Ͻ 0.01). An analysis of the combined male and female data (Fig. 4) revealed a significant time effect (P Ͻ 0.01), group effect (P Ͻ 0.01), and interaction term (P Ͻ 0.01), indicating that the clinical disease courses different significantly as a function of the Y chromosome. Because the Yaa chromosome had the most profound effect on EAE, we compared the MOG -specific immune responses of B6 and B6.Yaa mice. Serum levels of anti-MOG IgG were lower in both male and female B6.Yaa mice compared with B6 males and females (Fig. 5A) . Similarly, the in vitro proliferative responses (Fig. 5B) and secretion of IFN-␥ and IL-4 ( Fig. 6 ) by T cells from male and female B6 mice were significantly greater than those of B6.Yaa male and female T cells.
Discussion
In this study, BS ϫ BS F 2 females behaved more like their male siblings than like the female mice from the other three birth crosses in both lesion severity and clinical sensitivity to CNS damage. The origin of the POO effect eliciting this organizational masculinization is unknown, but possibilities include both genetic and environmental (neonatal and͞or prenatal). However, the mode of inheritance is inconsistent with classical X, Y, or mitochondrial inheritance and genomic imprinting because the observed effect requires a permanent mark in the BS F 1 hybrid females that selectively interacts with BS males and not SB males for transmission of the phenotype to the F 2 progeny. These interpretations are further supported by the lack of a significant difference in susceptibility to either clinical signs or EAE pathology among male and female bidirectional F 1 hybrid mice. This finding suggests that pre-and͞or perinatal environmental effects underlie the organizational masculinization of EAE in female BS ϫ BS mice.
Litter composition can significantly influence female behavior during adulthood (20) , and differences in maternal behavior generate long-term changes in offspring behavior and physiology (21) . Neonatal manipulation of rodents can alter susceptibility to EAE (13) , and exposure to testosterone suppresses diabetes and lupus in adult mice (22, 23) . In litter-bearing mammals, fetuses Table 3 , no significant difference in the incidence of clinical disease was seen among the progeny of consomic lines; however, significant differences in the mean cumulative disease scores, mean peak scores, mean days affected, and mean severity indices were observed.
developing in utero are subjected to an intrauterine positional (IUP) effect due to differing hormonal environments based on the sex of neighboring fetuses (24) . Female fetuses developing between males (2M females) show masculinized traits as adults, whereas female fetuses developing without adjacent males (0M females) are more feminized. As adults, 2M females give birth to more male pups, 0M females give birth to fewer male pups and 1M females produce the expected 1.00 sex ratio (25) . Because 0M females give birth to greater numbers of females, these females are more likely to be surrounded by females in utero. This IUP effect serves as a form of nongenetic inheritance from mother to daughter. Therefore, comparing the sex ratios of the four birth crosses in this study will allow us to detect an SJL Y-chromosome-dependent IUP effect.
The sex ratio for all BS ϫ BS F 2 progeny generated in the laboratory for which we have sex data at birth is 1.13 (n ϭ 923, P ϭ 0.045), whereas that of the other three birth crosses is Ϸ1.0 [BS ϫ SB, 1.02 (n ϭ 479); SB ϫ BS, 1.02 (n ϭ 479), and SB ϫ SB, 1.01 (n ϭ 521)]. Notably, the sex ratios of the BS ϫ BS progeny and the BS ϫ SB, SB ϫ BS, and SB ϫ SB birth crosses (average ϭ 1.02) approximate the relative difference in sex ratios between SJL and C57BL͞10 mice (1.05 and 0.95, respectively) (26) . These data therefore support the existence of an SJL Y-chromosome-associated IUP effect within the BS ϫ BS birth cross and are consistent with a previous study in which the incidence of EAE pathology between B ϫ BS and BS ϫ B males was not significantly different, whereas female B ϫ BS progeny were significantly more susceptible to EAE pathology than were female BS ϫ B mice (61.6% and 36.5%, respectively; P ϭ 1.2 ϫ 10 Ϫ4 ) (27). Significant differences in clinical EAE elicited with MOG 35-55 were seen among male and female progeny of B6 female ϫ B6, B6.Y A , and B6.Yaa male consomic mice. In all three strains the disease course in female mice reflected that of the males with which they were gestated and maintained until weaning. Importantly, this organizational masculinization persists beyond pu- Table 4 , significant difference in the incidence, mean cumulative disease scores, mean peak scores, mean days affected, and mean severity indices were observed among the three lines.
berty, indicating that it is resistant to the effects of adult sex hormones. Interestingly, the double-injection protocol (which did not use PTX) resulted in significant differences in disease incidences among the three strains (Table 4) , whereas no differences were detected with the single-injection protocol (Ͼ90% affected in all three strains, Table 3 ). This finding suggests a potential interaction between the Y chromosome and PTX; however, with both protocols significant differences were seen for all of the clinical quantitative traits assessed.
Taken together, these results establish that the Y chromosome influences EAE in both male and female mice and provide evidence for the existence of at least one polymorphic locus underlying the effects. The location of the gene(s), i.e., nonpseudoautosomal region (NPAR) versus pseudoautosomal region (PAR), is unknown. There are several NPAR candidate genes of immunologic significance (Hya: histocompatibility Y, Yaa-accelerated autoimmunity, and lymphoproliferation; and Sry: sex-determining region of chromosome Y); in contrast, steroid sulfatase (Sts) is the only full-length functional gene within the PAR (28) .
Hya elicits rejection of male tissue by otherwise genetically identical females (29) . However, H2 s mice such as SJL and B10.S are both HY-nonresponders (30) . Consequently, it is unlikely that H2 s -restricted anti-HY responses mediate the POO effect observed among the different SJL and B10.S birth crosses.
Yaa selectively leads to monocytosis, B cell hyperactivity, and the acceleration of spontaneous lupus and lymphoproliferative disease in male mice (31) . Conversely, in this study and in collagen-induced arthritis (32) , Yaa suppressed disease and autoantigen-specific humoral and T cell responses. Yaa has also been implicated in indirectly influencing non-AI phenotypes in female offspring of Yaa-chromosome-bearing males, which exhibit behavioral and neuroanatomic differences not observed when non-Yaa-bearing males are used as sires (33) .
Sry is a particularly intriguing candidate for the organizational masculinization of female mice as a consequence of IUP. The SJL Y chromosome is Mus domesticus in origin, whereas B6, A͞J, and Yaa are Mus musculus (ref. 34 and http:͞͞jaxmice.jax.org͞ strain͞000269.html). Transfer of some M. domesticus Y chromosomes to B6 leads to various degrees of sex reversal, ranging from normal testis development to permanent sex reversal (35) due to Sry enhancer polymorphisms (36) . Variation in the timing and͞or intensity of the prenatal testosterone surge as a consequence of differences in Sry could lead to variable IUP effects.
Sts encodes an important enzyme in steroid hormone metabolism that catalyzes the hydrolysis of alkyl steroid sulfates (e.g., dehydroepiandrosterone sulfate) and aryl steroid sulfates (e.g., estrone sulfate) to their unconjugated forms (37) . The various biologically active steroids derived from this desulfation are known to play an important role in modulating immune responses and AI disease in several animal models, including EAE (38) . Importantly, Sts activity levels in mice are known to be genetically controlled (39) .
In summary, we present evidence indicating that the Y chromosome possesses at least one polymorphic gene that influences EAE in both male and female mice. Because females do not inherit the NPAR of the Y chromosome from their fathers, in theory EAE should not be influenced by these genes. However, we present evidence indicating that the NPAR of the SJL Y chromosome, like that of the Yaa chromosome, may influence EAE susceptibility in female mice through an IUP effect or postnatally as a consequence of being maintained in the presence of the Y chromosome through weaning. Importantly, our results corroborate the findings from twin and half-sibling studies in MS indicating that the gestational or neonatal environment, or both, influences the risk of MS later in life and that these effects are maternally related (7) . The results of studies using Y-chromosome-substitution strains provided direct evidence that the Y chromosome influences the clinical course of EAE in male and female mice equally. Importantly, our results support the recent finding that the sex chromosome complement affects AI response to neuroantigens (40) and extends these findings by providing experimental evidence demonstrating the existence of a Y-chromosome polymorphism that influences AI inflammatory disease of the CNS in both males and females. , and B6.SB-Yaa͞J (B6.Yaa) mice were purchased from The Jackson Laboratory. BS and SB F 1 hybrid progeny were generated and used to produce the 1,152 BS ϫ BS, BS ϫ SB, SB ϫ BS, and SB ϫ SB F 2 intercross mice used in this study (19) . B6.Y A and B6.Yaa mice are Y-chromosomesubstitution strains in which the B6 Y chromosome has been replaced with a Y chromosome from A͞J and BXSB͞MpJ mice, respectively. Progeny of B6 females ϫ B6, B6.Y A , and B6.Yaa male consomic mice were generated in the vivarium at the University of Vermont.
Induction and Evaluation of EAE. Mice were immunized for the induction of EAE by using either an encephalitogen plus CFA double-inoculation protocol or an encephalitogen plus CFA plus PTX single-inoculation protocol. The encephalitogens used in this study were SJL SC homogenate and MOG . The specific details describing the formulation and preparation of the emulsions as well as the injections are described in Supporting Materials and Methods, which is published as supporting information on the PNAS web site. Mice were scored daily starting at day 10 after injection as previously described (10, 11, 18, 19) ; F 2 animals that exhibited any clinical signs greater than or equal to a flaccid tail and͞or hind-leg weakness were considered affected.
Brains and SC were dissected from calvarias and vertebral columns, respectively, and fixed by immersion in phosphatebuffered (pH 7.2) 10% formalin. Representative areas of the brain and SC, including brainstem, cerebrum, cerebellum, and the cer- vical, thoracic, and lumbar segments of the SC, were selected for histopathological evaluation (see Figs. 9 and 10, which are published as supporting information on the PNAS web site) as previously described (10, 17) . Animals exhibiting any CNS lesion were scored as affected in this study.
Proliferation Assay and ELISA for IFN-␥, IL-4, and MOG35-55-Specific
Antibody. Mice were immunized with 100 g of MOG and 200 g of M. tuberculosis H37Ra, and draining lymph node cells prepared from these mice at day 10 after immunization. MOG specific T cell proliferative responses and quantification of IFN-␥ and IL-4 secretion were done as described in ref. 41 . Sera were isolated from individual animals and frozen at Ϫ80°C until assayed. Anti-MOG IgG antibody levels were determined by ELISA using anti-mouse IgG conjugated to streptavidin-horseradish peroxidase. The specific details of each assay are published as Supporting Materials and Methods on the PNAS web site.
Statistical Analyses. A logistic regression analysis was used to examine the relationship between susceptibility to EAE or evidence of CNS inflammation, and cross and sex. This analysis was followed by multiple logistic regression analyses to examine the effects of these variables on disease susceptibility while controlling for each of the other selected variables, including sex and season and age of the animal at the time of injection. The final multiple logistic regression analyses included adjustment for these two variables, with age (in weeks) being considered as a continuous variable. Analyses were performed by using SAS, Version 8.1 (SAS Institute, Cary, NC).
A repeated-measures analysis of variance was performed to examine the group changes in the mean clinical score across time, as well as time by group interactions. The time by group interaction term allows an examination of whether the changes in the mean clinical score across time differ among the various groups. Techniques relying on orthogonal polynomials were used to examine whether the mean clinical scores changed in a linear fashion with time, or whether these changes could be better described by some other polynomial function of time [i.e., increased as a multiple of time squared (quadratic function of time) or cubed (cubed function of time)]. Because the goal of this type of analysis is to fit the data with the polynomial of the smallest degree, polynomial functions higher than the cubic function were not considered. Analyses were performed by using BMDP statistical software (BMDP Statistical Software, Los Angeles; 1990). This work was supported by National Institutes of Health Grants NS36526 (to C.T. and E.P.B), AI4515 (to C.T.), AI41747 (to C.T.), and AI45666 (to C.T.) and National Multiple Sclerosis Society Grant RG-3129 (to E.P.B. and C.T.)
